STUDY QUESTION: Can the baboon uterus support a gestation to livebirth with an angiosome using microsurgically anastomosed uteroovarian vessels and lacking uterine arteries and veins?
PARTICIPANTS/MATERIALS, SETTING, METHODS:
Three nulligravid female Papio hamadryas baboons in a breeding colony underwent laparotomy to ligate uterine arteries and veins along with colpotomy and cervico-vaginal anastomosis. During the same surgery, the utero-ovarian arteries and veins were microsurgically transected and re-anastomosed to themselves. Intraoperative organ perfusion was confirmed with laser angiography. After a recovery period, monitoring of menstrual cycling via menstrual blood flow and sex-skin cycling occurred, as well as uterine viability via sonography and cervical biopsy. Each baboon was released to the breeding colony for spontaneous mating and pregnancies dated by menstrual calendar and compared with early ultrasound. Delivery outcomes were monitored in each including neonate weight and placental pathology. In the event of a stillbirth, the animal was returned to the breeding colony for repeat mating attempts. After achieving a livebirth, the maternal baboon was removed from the study.
MAIN RESULTS AND THE ROLE OF CHANCE:
Each baboon in the trial underwent successful surgery with all uteri demonstrating viability and return of menstrual function within 10 weeks of surgery. Pregnancies occurred within two menstrual cycles in breeding colony. Baboons one and two initially had vaginal breech stillbirths, both with appearance of placental insufficiency, and one with fetal growth restriction. Baboon three underwent scheduled cesarean delivery resulting in a normally grown livebirth. Baboon one had a subsequent pregnancy resulting in a livebirth via cesarean delivery.
LIMITATIONS, REASONS FOR CAUTION: Stillbirth in two of four gestations, and fetal growth restriction in one of four, are the largest concerns in our perfusion model. It remains uncertain whether the stillbirths resulted from placental insufficiency, or birth trauma from breech deliveries.
Introduction
Uterine transplantation has proven successful in treatment of absolute uterine factor infertility, evidenced by multiple live births from transplanted uteri in a Swedish trial (Brannstrom et al., 2014) . While noteworthy in attaining the desired outcome of live birth, this as yet experimental procedure has multiple areas that need improvement. The living donors of the Swedish trial endured prolonged laparotomy of >10 h each to obtain a sufficiently long vascular pedicle for implantation within the recipient. While prolonged laparotomy, in commonly postmenopausal women on high-dose estrogen therapy as in the successful trial, theoretically carries numerous risks especially venous thromboembolism, the authors only report a ureteric-vaginal fistula requiring surgical repair in a donor (Brannstrom et al., 2014 . As with any surgical technique, risk minimization or elimination should be pursued. Cadaveric donation would eliminate donor risks, but the maintenance of a living-donor program allows maintenance of a large donor pool and less organ cold ischemia time (Nicholson et al., 2000) . Development of a laparoscopic living-donor hysterectomy with an alternate perfusion method would aid many of these issues, especially reducing risks of laparotomy.
The creation of a long uterine and internal iliac vessel pedicle for uterine transplantation may be possible via laparoscopy, although the close-knit relationship of the ureter with these vessels would still require a long surgery. Avoiding use of the uterine vessels would circumvent intricate procedures near the ureter. Anastomoses exist between the human uterine artery and ipsilateral and contralateral utero-ovarian veins (Arnolds et al., 2016) and trials modeling use of ovarian vein rather than uterine vein show a decreased donor surgical time in macaques (Kisu et al., 2015) . Our group has previously shown maintenance of baboon uterine viability and menstrual function with ligation of bilateral uterine veins, and ligation of bilateral uterine arteries and veins (Shockley et al., 2017) .
This prior work suggests utero-ovarian perfusion alone is sufficient for uterine viability, but it remains to be proven in a dedicated experimental model with utero-ovarian anastomoses as would be required for true transplantation. We hypothesized that the use of an alternative perfusion pattern to the uterus will maintain uterine and ovarian viability, with resultant capability for healthy gestation. The planned perfusion pattern is demonstrated in Fig. 1 , with microsurgical transection and reanastomosis of bilateral utero-ovarian arteries and veins, ligation of bilateral uterine arteries and veins, and complete colpotomy with cervico-vaginal anastomosis. With the smaller size of uteroovarian vessels versus uterine vessels, microsurgery is essential. Early microsurgery literature report thrombosis rates as high as 16.7%, while more recent reports demonstrate failure rates between 2 and 5% (Djohan et al., 2010) . This led us to include a fellowship-trained microsurgeon, as living-donor liver transplant data showing a lower rate of hepatic-artery thrombosis with use of a microvascular surgeon in addition to the transplant team (Panossian et al., 2009 ).
Materials and Methods

Ethical approval
The Institutional Animal Care and Use Committee (IACUC) of the Mannheimer Foundation Inc. (Homestead, FL) approved this protocol. The non-human primate facility is fully accredited by the Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC) and animals were housed and handled in accordance with the Animal Welfare Act.
Animals
Similar to our prior trials (Shockley et al., 2017) , three healthy adult female Papio hamadryas from the Mannheimer Foundation colony, that were not in any prior study, were selected for this protocol. The females selected were all sexually naïve, nulligravid and reproductive-age. A baboon (P. hamadryas) model was chosen for its similarity to humans in regards to uterine anatomy and reproductive physiology (Stevens, 1997) . The baboon uterus is perfused by bilateral uterine vessels inserting at the isthmus, and bilateral utero-ovarian vessels near the cornua. The uterine shape and adnexa are similar to human anatomy, as is the size in proportion to total body weight. Each animal underwent standard colony monitoring and demonstrated normal cyclic menstruation, which was confirmed during additional 1-2 weeks isolated monitoring prior to surgery. Complete blood count, metabolic panels and coagulation studies were within normal range for all baboons prior to surgery. All three initial laparotomies occurred between October 2015 and January 2016, each on an individual date.
Anesthesia
All baboons were fasted overnight prior to surgery with initial incision occurring in the early morning. All surgical procedures took place onsite at the Mannheimer Foundation within a dedicated animal procedure room. Per facility protocol, sedation was induced with tiletamine HCl and zolazepam HCl 4 mg/kg intramuscular injection (Telazol ® , Zoetis Inc., Kalamazoo, MI) prior to anesthesia. Each underwent endotracheal intubation with 5.5 mm, 24 Fr tubes, through which isoflurane 1.5-2.5% was administered. Ceftiofur (Naxcel ® , Zoetis Inc., Kalamazoo, MI, USA) 2.2 mg/kg was given as intramuscular antibiotic surgical prophylaxis prior to incision. Glycopyrrolate 6 μg/kg was also given to each. Respiratory rate, heart rate and temperature (rectal) were monitored throughout anesthesia administration. Hydration was maintained with continuous intravenous infusion of warmed 0.9% sodium chloride at a rate of 10 ml/ kg/h. Each animal had an indwelling catheter placed for bladder drainage throughout the surgery.
Surgical procedure
Midline laparotomy was performed under sterile techniques and the uterus was elevated by a suture placed through the fundus. The round ligaments were divided, and the broad ligaments opened to the uterine vessels, which were skeletonized. The uterine artery and veins were isolated individually, suture-ligated and cut with scissors. To confirm absence of lower uterine perfusion, a colpotomy was made circumferentially with scissors to entirely detach the cervix from the vagina. The cervix was tagged with polypropylene suture for assistance in identification during post-operative vaginoscopy. The cervico-vaginal anastomosis was closed with barbed suture (3-0V-Loc ® , Medtronic, Fridley, MN, USA) for surgical efficiency and maintenance of suture tension during placement. Following this, intravenous indocyanine green (ICG, 2.5 mg) was given and images captured with the SPY Elite laser angiography system (Novadaq Technologies Inc. Mississauga, Ontario, Canada) to document real-time vascular perfusion to the uterus with utero-ovarian perfusion alone. The microsurgical portion of the procedure then commenced. A fellowship trained microsurgeon (M.M.) and transplant surgeon (A.T.) performed utero-ovarian vessel transection and re-anastomosis using a surgical microscope (Leica M320, Leica Microsystems, Inc., Buffalo Grove, IL, USA). An individual utero-ovarian vein and artery were identified and skeletonized bilaterally. Each measured~2.5-3 cm in length and 1 mm in diameter and was individually transected at the mid-point, and hand-sewn in an end-to-end fashion using 10-0 nylon (Fig. 1C) . No cold or warm ischemia occurred as one artery and the ipsilateral vein were transected and reanastomosed prior to doing the same on the contralateral side. These vessels were intermittently bathed in a solution of heparin, papaverin, and lidocaine. Following completion of the four utero-ovarian anastomoses, repeat images were captured with the SPY Elite system after an additional dose of ICG, 2.5 mg. The abdomen was irrigated and the incision closed in a standard fashion.
Postoperative care
The baboons were closely monitored in the animal hospital while residing within an individual cage. Infectious prophylaxis with daily ceftiofur 2.2 mg/kg was continued for 7-10 days. Analgesia was given by a single-dose of subcutaneous buprenorphine SR, 0.2 mg/kg. Daily aspirin (40.5 mg) was given orally for the first 30 days post-operatively for antiplatelet activity. Daily record was kept of appetite, behavior, stool, responsiveness, pain and sex skin cycling. Six weeks after initial surgery, each baboon underwent sedation during which a transabdominal color Doppler ultrasound was performed to examine the uterus, and vaginoscopy used to evaluate the cervico-vaginal anastomosis. One of these evaluations was delayed to 10 weeks after surgery due to unforeseen logistical issues. Cervical biopsies were taken under vaginoscopic visualization. Biopsies were sent to Yerkes National Primate Research Center at Emory University (Atlanta, GA, USA). When biopsy results were available within the next week, each baboon was released to the breeding colony and underwent routine daily staff monitoring for menstrual cycle pattern and breeding. Prior to release, all demonstrated normal values again on complete blood count and metabolic panel.
Pregnancy
Each baboon was released to an outdoor breeding colony for spontaneous mating. Each breeding colony contains two to three males, and each male has~15 females in his harem along with any offspring <9 months of age. Outdoor colonies reside in chain-link enclosures with silica sand floors and open roofs. There also exists closed portions of the environment to protect against adverse weather. Colonies are consistently monitored by veterinarians, veterinary assistants, colony managers and husbandry staff and pregnancy was suspected with cessation of sex skin cycling. Confirmation of pregnancies with transabdominal ultrasound occurred under sedation by special event or during semi-annual colony examination, and dating was performed with this ultrasound and checked against the recorded menstrual cycle calendar. Resultant pregnancies in the three baboons occurred concurrently relating to the proximity of initial laparotomies. The baboons were returned to the breeding colony for normal social interactions during the pregnancy. Measuring from time of ovulation to delivery, normal colony baboon gestations last an average 182 days (Devonald et al., 1996) and other sources reporting a range of 164-186 days (Bernacky et al., 2002) . At~150-160 days gestation based on early pregnancy ultrasound, the pregnant baboons were moved to smaller enclosures for closer monitoring until delivery.
Delivery
Initially, baboons were allowed to enter labor spontaneously. No active intervention or induction was performed. Due to poor outcomes of the initial two deliveries, the protocol was modified and all further deliveries performed via cesarean.
Results
Baboon ages, weights and surgical time are listed in Table I . All laparotomies occurred without complications. Intra-operative laser angiography images subjectively demonstrated similar fundal perfusion before and after anastomosis of utero-ovarian vessels bilaterally. The uterus did not demonstrate any signs of ischemia such as blanching during any portion of the procedure.
The only post-operative complication was a laparotomy incision infection in subject #2 requiring intramuscular penicillin (40 000 IU/kg every 48 h × 3 doses). A culture grew staphylococcus species. The infection resolved without further intervention.
During the post-operative exam under anesthesia, trans-abdominal ultrasound verified presence of the uterus in all three baboons with subjective vascular flow on color Doppler settings. Subsequent vaginoscopy subjectively showed appropriate healing of the cervico-vaginal anastomosis and a healthy appearing cervix. Cervical biopsies showed 'smooth muscle layers lined by cuboidal epithelium; essentially normal cervix' for subjects #1 and #2. Subject #3 cervical biopsy was reported as 'cuboidal epithelium lining a layer of smooth muscle intermixed with areas of hemorrhage (biopsy artifact) and dilated glands containing an eosinophilic material (variable appearance based on phase of menstrual cycle). Diagnosis: cervical mucosa with glands and hemorrhage.' Signs of ischemia were not reported in any specimen.
Within the first 60 days post-operatively, each baboon demonstrated at least one menstrual cycle, and normal sex skin turgescence and deturgescence (Fig. 2) .
Normal mating behaviors were noted in all baboons. The cycle of conception, based on monitored sex skin cycling, is listed in Table I . Early ultrasound approximated calculated gestational age from menstrual calendars in the initial three pregnancies, but in the second pregnancy for baboon #1 an 18-day discrepancy was noted and delivery date was based on ultrasound.
Some delivery details can be found in Table I . Baboon #1 delivered a breech stillbirth assisted by veterinary staff after being found with fetal head entrapment. The subject recovered without incident. The male fetus had normal gross external anatomy. Gross placental examination showed areas of fibrosis and meconium particles. Necropsy revealed signs of intracranial bleeding and lungs did not float in water, suggesting lack of respirations. Autopsy revealed multifocal mild hemorrhage and congestion within the brain, diffuse moderate hydropic degeneration with hemorrhage of the liver, and multifocal severe hemorrhage of the kidney, thymus, and adrenal glands. The autopsy did not find any evidence of infectious or toxic conditions in any examined tissues. The consensus was stillbirth most likely due to birth trauma, thus we continued the plan for spontaneous delivery for baboon #2. Baboon #2 also delivered a stillborn breech fetus under similar conditions as baboon #1. The stillborn fetus had normal external gross anatomy. Again, the placenta showed fibrosis and meconium particles. Necropsy also revealed intracranial bleeding and the lungs did not float in water. Autopsy revealed multifocal moderate to severe purulent placentitis, multifocal moderate hemorrhage of lungs, heart, liver, kidneys, adrenal glands and spleen, and there was multifocal severe mineralization of the umbilical blood vessels. Special stains for infectious agents were negative leaving the specific cause of placental lesions uncertain. There were a large number of squamous cells in the alveoli of the lungs indicating fetal distress. While birth trauma was implicated as a contributor to cause of death, concern existed for observed growth restriction as well. Due to poor outcomes of both spontaneous deliveries, the plan was changed for baboon #3.
Baboon #3 was delivered by cesarean via a midline laparotomy and classical uterine incision. The liveborn neonate had APGAR scores of 6 at 1 min and 9 at 5 min (baboon scoring systems resemble human APGAR scoring). Amniotic fluid was clear without signs of meconium passage. Laser angiography with ICG was used to subjectively evaluate the uterine perfusion (Fig. 3) . The bilateral utero-ovarian veins measured 5 mm each in diameter, while the paired arteries measured 3 mm in diameter on each side. Bilateral anastomoses appeared patent. Placental gross examination showed fibrosis along one-sixth of the perimeter and otherwise normal appearance (Fig. 4B) . Placental pathologic examination showed multifocal mild neutrophilic placentitis on the maternal side, thought to be related to normal involution ( Fig. 4C and D) . The neonate did well without any special care (Fig. 4A) .
Baboon #1 achieved a second pregnancy which was delivered by cesarean resulting in a livebirth with APGAR scores 1, 2 and 4 (1, 5 and 10 min, respectively). Amniotic fluid was visually clear, and placental gross examination showed normal appearance with scant fibrotic areas. Equipment malfunction prohibited performance of laser angiography, but visual inspection suggested bilateral patency of anastomoses. The neonate succumbed to respiratory distress after 2 h of life. Autopsy revealed diffuse, severe congenital atelectasis likely of respiratory distress syndrome, with aspiration of meconium, and pulmonary hypertension. Delivery date was chosen based on ultrasound dating due to discrepancy from menstrual calendar. Post-delivery analysis including autopsy results suggests prematurity, not growth restriction, as the cause of death.
Discussion
Our team's goal remains to establish a laparoscopic approach to donor hysterectomy for uterine transplantation purposes. This project has served as a step along that path. Uterine transplantation, while already successful in some studies (Brannstrom, 2015) , needs continued refinement to improve treatment of congenital or acquired uterine absence, a medical condition with no other treatment at this time. While gestational surrogacy exists, especially in the United States, it is not as well accepted in other parts of the world (Nakash and Herdiman, 2007) .
The primary objective of this study was met demonstrating uterine viability and subsequent gestational ability with anastomosed uteroovarian vessels alone. Proof-of-concept was shown by a healthy live birth, but technique refinements are necessary to avoid growth restriction and mortality as seen in our trial. In accordance with the three R's of animal research, our design chose three subjects as the lowest necessary number, used standardized operative care protocols to reduce pain and suffering, and chose non-human primates for this experiment to prove technique prior to trials in humans. These naïve baboons were chosen based on colony availability recognizing that unproven gestational capacity may negatively affect the results of our work.
Turgescence and deturgescence of the baboon sex skin indirectly demonstrates sufficient ovarian function prior and after surgery (Tardif et al., 2012) . This shows that ovarian blood flow remained adequate with utero-ovarian vessel anastomosis, which is expected give lack of surgical manipulation of the infundibulopelvic ligament and its ovarian vessels. The presence of cyclic menstruation also confirmed ovarian function.
Maintenance of the fallopian tubes in our model allowed spontaneous conception for all baboons. Our study proves fertility with pregnancies, while within a prior report, fertility was only assumed based on regular menstrual cycles (Enskog et al., 2010) .
Normal baboon birth weight is 854-1068 g in various species (no percentiles reported), with males tending to be larger at birth (mean: 920 g) than females (mean: 830 g) (Bernacky et al., 2002) . The Mannheimer Foundation colony has a lower estimated mean birth weight of 620 g based on extrapolation of known first-year birth weights (unpublished data). The veterinary staff are aware of this but the reason for it remains uncertain, although it may be related to genetics as the breeding colony is closed despite best attempts at rotating breeding mates. Presumably, the second baboon fetus (450 g) was growth restricted which is supported by a fibrotic placenta and meconium passage. The first baboon was not growth restricted nor was the livebirth from the third baboon. The low birthweight of the livebirth from baboon #1 is thought to be related to prematurity, not uteroplacental insufficiency. The delivery date was based on first ultrasound dating. After review of autopsy findings, the cause of death appears to be respiratory distress syndrome as a sequelae of prematurity, not growth restriction. While we were successful in obtaining two livebirths, our perfusion pattern may be at risk for uteroplacental insufficiency as demonstrated by the placentas of the two stillbirths, and the growth-restricted second stillbirth. We share concern regarding the high perinatal mortality rate in our study, with uncertain relative contributions of birth trauma and uteroplacental insufficiency towards this outcome. A breech rate of captive baboons is reported as 1.2% (Barrier et al., 2007) , and stillbirth rates range from 5.9 to 20% (Schlabritz-Loutsevitch et al., 2008) . In the calendar year of the reported deliveries, the Mannheimer foundation colony had a stillbirth rate of 27% (includes this protocol), while the year preceding had a rate of 15%. It is impossible to calculate the amount of these stillbirths that result due to birth trauma as the births are not routinely witnessed by caretakers.
Limitations of this study include lack of ischemia time or immunosuppressant use, which need addressing prior to translation to human uterine transplantation trials. Further animal research is planned to address these limitations. A porcine model with microvascular reanastomosis of the ovarian and uterine vessels together to the external iliac vessels failed a supracervical autotransplantation model with thrombosis noted in all histology specimens (Sieunarine et al., 2005) . We preferred to avoid use of the actual ovarian vessels to eliminate concerns of ovarian removal from donors. Also, we chose a model with a simple end-to-end anastomosis to reduce thrombosis rates. In line with recent reporting (Testa et al., 2017) , our model avoids the need for donor oophorectomy, and allows retention of native recipient ovaries. Testa et al. (2017) have shown ability to anastomose the utero-ovarian veins to the medial side of the external iliac veins to maintain uterine viability, but gestational capacity remains unproven. If unable to attach the uteroovarian artery or vein to the respective external iliac vessel, we propose mobilization of the infundibulopelvic ligament for an end-to-side anastomosis to the recipient's ovarian vessels, proximal to the native ovaries. Again, we plan future studies in non-human primate models to evaluate this concept especially as perfusion may be compromised as end-to-side anastomosis can have worse patency rates than end-to-end anastomoses (Jeremias et al., 2002) .
As prior uterine transplantation trials have used livebirth as the measure of success, we have shown proof-of-concept that anastomosed utero-ovarian vasculature alone can support term pregnancy. Attempts at new uterine transplantation protocols to improve this technique should move forward, including adoption of the technique to laparoscopic living-donor hysterectomy to allow benefits of living organ donation including larger donor pools and shorter organ ischemia times.
Conclusion
The baboon uterus can be adequately perfused for viability and support a term pregnancy by bilateral microsurgical anastomosis of the utero-ovarian vessels in the absence of the uterine artery and vein, and cervico-vaginal vessel branches. Risk exists with this model for growth restriction and malpresentation. Further work is required prior to implementation in human uterine transplantation trials to include organ ischemic time and demonstration of a feasible attachment process in the recipient.
